Abstract Heterotopic ossification (HO) is a pathological phenomenon in which ectopic lamellar bone forms in soft tissues. HO involves many predisposing factors, including congenital and postnatal factors. Postnatal HO is usually induced by fracture, burn, neurological damage (brain injury and spinal cord injury) and joint replacement. Recent studies have found that patients who suffered from bone fracture combined with severe traumatic brain injury (S-TBI) are at a significantly increased risk for HO occurrence. Thus, considerable research focused on the influence of S-TBI on fracture healing and bone formation, as well as on the changes in various osteogenic factors with S-TBI occurrence. Brain damage promotes bone formation, but the exact mechanisms underlying bone formation and HO after S-TBI remain to be clarified. Hence, this article summarises the findings of previous studies on the relationship between S-TBI and HO and discusses the probable causes and mechanisms of HO caused by S-TBI.
Introduction
Heterotopic ossification (HO) is a pathological phenomenon that causes bone formation in nonosseous tissues, including muscles and connective tissues [1] . This disease is usually induced by fracture, burn, neurological damage (brain injury and spinal cord injury) and joint replacement [2] . Patients with HO experience swelling of tissues, inflammation, pain, limited motion and joint adhesion. All these symptoms significantly affect the lives and emotions of patients [3, 4] . According to different inducements, HO can be divided into three types: myositis ossificans progressiva, traumatic HO and neurogenic HO [5] . By theory, HO may occur in any part of the body, but in most of the cases it occurs in the joints, such as in the hips, elbows, and shoulders. Depending on the inducements, the affected positions are different [4, 6] .
Roberts [7] first described HO in patients with brain injury and a prolonged period of coma. Researchers thereby found an internal relationship between HO and the nervous system. Recent studies have found that patients who suffered from bone fracture combined with severe traumatic brain injury (S-TBI) are at a significantly increased risk for HO [8] . The incidence of neurogenic heterotopic ossification (NHO) in patients with traumatic brain injury (TBI) is about 20%, but the rate of NHO exceeds 50% when TBI and femur fracture are concomitant [5] . In some cases, HO may be caused by brain or spinal injuries, without other injuries existing [9] . Studies determined the effect of TBI on fracture healing and confirmed that patients who suffered from both fracture and S-TBI are expected to show a faster rate of fracture healing accompanied by hypertrophic callus formation or heterotopic ossifications [10e12] . Fracture healing and HO share common initiating events (inflammation, angiogenesis, chondrogenesis and osteogenesis) [13] . Several researchers have speculated that the consolidated callus formation is a form of local heterotopic bone formation [14, 15] . Spencer [16] conducted a histological analysis on the callus of a patient who suffered from fracture and S-TBI and found that the composition of callus is highly similar to that of the bone. Spencer also suggested that faster fracture healing and callus formation are indicative of HO [16] .
Though TBI has been associated with faster fracture healing, enhanced callus formation and HO in both TBI patients and animal models, there are also evidences of enhanced bone loss and increased risk of fracture in brain injury patients [17, 18] . Animal studies in rodents with TBI are consistent with the clinical studies [19e21] . However, it should be noticed that, most of the bone loss after TBI occurs in the absence of fracture. The increased callus formation in TBI combined with bone fracture occurs in the early stages postinjury while the bone loss symptoms appear in a latter period [22, 23] . Faster bone fracture healing and HO are mostly linked to an S-TBI accompanied with breakdown of the bloodebrain barrier, while the bone loss is usually investigated in a mild-TBI condition. Therefore, the condition and environment that enhanced bone loss or bone formation after TBI may have a great difference. Researchers have studied the association between TBI and HO for a long time, but the direct relationship between them remains unknown, and the pathological mechanism is yet to be elucidated. This article summarises the latest research findings and related perspectives about this issue, providing references for further understanding TBI-HO. Furthermore, the findings mentioned in this review may allow us to design more targeted therapies to reduce HO or enhance the bone formation.
Normally, Patients with brain injury are given corticosteroids, nonsteroidal antiinflammatory drugs, diphosphonates and radiotherapy as a preventative measure for HO [8] . Recently, several researchers proposed their hypotheses for the potential methods of HO prevention. Kan et al. [24] noticed that blocking of neuron-specific substance P (SP) signalling through the neurokinin 1 (NK1r) receptor can abrogate HO formation and suggested that inhibition of the SP receptor, NK1r, might therefore be a novel treatment for preventing the early events that lead to HO. Genêt et al. [25] found that ablation of phagocytic macrophages with clodronate-loaded liposomes reduced the size of NHO by 90%, supporting the conclusion that NHO is highly dependent on inflammation and phagocytic macrophages in soft tissues. All of these hypotheses or suggestions provide us with new perspectives and ideas for preventing HO.
Association between S-TBI and HO
Patients who suffered from fracture and TBI usually exhibit faster healing rate and increased callus formation [26] . Cadosch et al. [27] found that the time for bone union in patients with S-TBI was reduced by half when compared to patients with fracture alone. Callus formation in patients with S-TBI is 37e50% greater than that in patients with fracture alone. Consistently, studies in animal models combining TBI with bone fracture showed an increased volume of callus and a higher rate of gap bridging compared with the normal group or fracture group [22, 28, 29] . In addition, treating human osteoblasts with the serum of patients with S-TBI significantly promotes the proliferation of these cells. A number of studies also provided conclusive evidence for this view and found that serum after brain injury promotes the proliferation of osteoblasts and bone mesenchymal stem cells and the expression of intracellular alkaline phosphatase (ALP) [30e32] .
In a subsequent study by Cadosch et al. [14] , skeletal muscle cells were treated with the serum of patients with severe brain injury. The results showed that serum treatment significantly increases the level of intracellular ALP. A specific transcription factor of osteoblasts expresses and mineralises the formed nodule. These results indicate that the serum of S-TBI patients contains some humoural factors that promote the differentiation of osteogenitor cells in skeletal muscles into bone cells and mineralisation. In addition, bloodebrain barrier permeability change, coma, mechanical ventilation, and inflammation caused by S-TBI are all important factors of HO induction. Table 1 summarises the relative factors in HO caused by S-TBI.
Effects of osteogenic factors released after TBI on fracture healing
Yang et al. [49] performed a comparative research on 74 patients who suffered from fracture alone or combined with S-TBI. The time for bridging callus formation and average thickness of callus were studied. The fractures were treated by intramedullary nailing. Compared with those of the control, the time for bridging callus formation in patients who suffered from fracture combined with S-TBI was significantly shorter, and the bone union was faster. The average thickness of callus was also significantly greater. This finding is due to the fact that S-TBI increases the levels of many osteogenic factors in the serum and therefore affects fracture healing. These inducible factors can promote ossification and play an important role in inducing the regeneration of normal or ectopic bone [50] . The increase in osteogenic factors in the body with S-TBI not only accelerates fracture healing and promotes callus formation but also has a close relationship to the incidence of HO.
Bone morphogenetic protein
Bone morphogenetic protein (BMP) is an important member of the transforming growth factor b (TGF-b) superfamily. BMP2 and BMP4 are recognised as the most important factors for regulating bone formation. Both factors exert a strong effect on promoting osteoblast differentiation and bone induction [33, 34] . Wang et al. [51] revealed that implantation of 0.5e115 mg of partially purified recombinant human BMP-2A resulted in cartilage by Day 7 and bone formation by Day 14. Several studies have shown that BMP2 or BMP4 in combination with other factors, like vascular endothelial growth factor (VEGF) and TGF-b, can greatly promote endochondral bone formation [52e54]. The levels of BMP and its receptor, as well as the expression of its messenger RNA (mRNA), are all upregulated after brain injury [55, 56] . In addition, Scherbel et al. [8] used a wellestablished head injury model in rats and found that the muscles around the hips in animal models of S-TBI show an elevated level of BMP 2/4. However, the mRNA level of BMP 2/4 in the fracture group without TBI is upregulated at the fracture site 48 h postinjury but not at remote sites, including the hip muscles. This result explains why patients with TBI often acquire HO in the hip. Furthermore, BMP2 may act directly on sensory neurons, inducing the release of inflammatory cytokine SP and calcitonin gene-related protein (CGRP) [57] . BMP2 may also cause nerve inflammation, leading to nerve regeneration and migration or release of osteogenic stem cells or other stem cells [58] . Brown adipose tissue plays an important role in bone formation; it can promote the formation of hypoxic microenvironment and angiogenesis [59] . Abnormally elevated levels of BMP induce the production of brown adipose tissue, generating heat and stimulating sensory neurons to release SP and CGRP [58] . To sum up, the increased levels of BMP caused by fracture and S-TBI in concomitance produce multiple effects on osteogenesis and greatly increase the risk of HO (Fig. 1) .
Thrombin
Thrombin is a serine protease that plays a key role in the coagulation cascade. TBI causes abnormal blood coagulation [60] . Thrombin in the brain is released immediately after the occurrence of haemorrhage, resulting in increased levels of thrombin at the injured area [61] . In 1978, Vandersande et al. [62] found that fracture alone is not the main reason for abnormal blood coagulation, sufficiently proving that a specific and close link exists between TBI and coagulation abnormalities. Many cellular responses to thrombin are mediated by protease-activated receptor-1 (PAR-1), which is expressed by osteoblasts in vivo. Therefore, in addition to its important role in thrombosis and haemostasis, thrombin also promotes many processes in osteoblastic cells [63] . For instance, thrombin can promote the proliferation of osteoblastic cells by activating PAR-1 and inhibit their apoptosis [35] . Cyclooxygenase is a key enzyme in the conversion of arachidonic acid to prostaglandins, playing an important role in the inflammatory response. Pagel et al. [64] proposed that fibroblast growth factor-1 and fibroblast growth factor-2, connective tissue growth factor, TGF-b1, tenascin C, VEGF and interleukin-6 (IL-6) induced by local prostaglandin are important factors in fracture healing. In addition, the activation of PAR-1 by thrombin after the injury could be a key adjustment for cyclooxygenase-2 expression. Therefore, thrombin may indirectly promote fracture healing by activating PAR-1. Wang et al. [65] indicated that thrombin protein can increase the level of early growth factors, regulatory factors and inflammatory angiogenic factor during inflammation and angiogenesis in bone repair. This fact proves that thrombin can promote fracture repair and new bone formation. Thrombin can also induce the osteogenic precursor cells that are less differentiated to migrate to the injury site [66] . However, thrombin can only promote proliferation for well-differentiated osteoblasts but is unable to induce them to migrate towards the injury sites. Abraham et al. [63] found that thrombin-induced PAR-1 activation reduces alkaline phosphatase activity. Meanwhile, the proliferation of osteoblasts is promoted. These findings indicate that the inhibition of ALP is inversely related to the proliferation of osteoblast-like cells, serving to maintain a population of immature osteoblast-like cells. These immature cells are recruited by thrombin and finally migrate to the site of injury, promoting bone healing. Some researchers believe that thrombin accelerates fracture healing and increases callus formation in patients who suffered from fractures and TBI [67] . Thus, an abnormal increase in thrombin after severe brain injury is likely to play an important role in increasing the incidence of HO (Figs. 2 and 3 ). 
Transforming growth factor-b1
TGF-b1 is a polypeptide molecule that is rich in the bone matrix. This molecule can adjust the proliferation and differentiation of bone cells, promote new bone formation and inhibit bone resorption under certain conditions [36, 37] . TBI can increase the levels of TGF-b1 and the overexpression of its mRNA [68e70]. Ma et al. [71] found that in patients who suffered from fracture and TBI, the time for TGF-b1 expression to achieve the peak in the fracture site is synchronised with its time to reach the peak in the damaged brain and in the serum after the occurrence of TBI. Therefore, brain damage indirectly increases the content of TGF in vivo and further promotes bone growth and repair after the TGF has entered the systemic circulation through damaged bloodebrain barrier. Their study also found that when TBI and fracture are concomitants, the expression of TGF-b1 in fractures is stronger than that in brain injury alone. This phenomenon indicates the importance of increased TGF-b1 after brain injury in bone healing and growth. TGF-b1 may serve to enrich the environment by which the NHO forms.
Vascular endothelial growth factor
Angiogenesis is an important step in bone formation because it increases the supply of oxygen and nutrients for bone formation and repair. VEGF plays a key role in angiogenesis. VEGF-dependent blood vessel invasion appears to be essential for coupling cartilage resorption with bone formation [72] . When TBI occurs, the following secondary pathological damage causes cerebral ischaemia and hypoxia, which upregulate the expression of hypoxiainducible factor and finally increase the levels of VEGF in brain tissue [73] . Then, VEGF enters the fluid circulation through the bloodebrain barrier, inducing angiogenesis and neurogenesis, which promote fracture healing and new bone formation. Osteoblasts, chondrocytes, and osteoclasts express VEGF receptors, and VEGF can act directly on these cells and play its role in promoting osteogenesis [38] . Wang et al. [74] found that mice overexpressing hypoxiainducible factor-a in osteoblasts expressed high levels of VEGF and developed extremely dense and heavily vascularised long bones. Furthermore, VEGF influences other aspects of bone formation and development. In specific, it regulates bone remodelling by stimulating osteoblast differentiation [75] . Several studies showed that VEGF improved BMPs which induce bone formation and bone healing through modulation of angiogenesis [54, 76] . MayrWohlfart et al. [77] proved that the proliferation of primary human osteoblasts could be stimulated by VEGF-A in a dose-dependent manner. Fiedler et al. [78] further confirmed that VEGF-A may facilitate bone formation in a direct fashion by inducing the migration of mesenchymal progenitors acting as a coupling factor for vasculogenesis and osteogenesis. Thus, the increased levels of VEGF after fracture combined with S-TBI may exert a great effect on the progress of bone healing and HO.
Effects of neuropeptide and hormones on fracture healing after brain injury
Bone tissue is rich in innervation. Many neuropeptides and hormones that exist in the nervous system exert great impact on the formation, development, and repair of bones. Brain damage increases the levels of some neurotrophic factors, which then enter the fluid circulation through the impaired bloodebrain barrier and catalyse distal ectopic bone formation and fracture healing.
Calcitonin gene-related peptide
CGRP is a neuropeptide that is abundant in the sensory neurons which innervate the bone; it has been isolated from bone and shown to upregulate osteoblastic activity and downregulate osteoclastic activity [79e81]. Studies have shown that CGRP exerts a strong effect on vasodilation and can reach the fracture site through axonal transport, thereby improving the blood supply of the damaged area and accelerating fracture healing [40] . Zhang et al. [82] found that the synthesis and secretion of CGRP increase when fracture and cortical injury are concomitant compared with fracture alone. In several animal models, CGRP was shown to be required for HO development, and the neurogenic inflammation mediated by CGRP was suggested to initiate the formation of HO [83, 84] . Meanwhile, CGRP promotes the mitosis of stem cells and/or differentiation of bone cells to accelerate bone formation and inhibits bone resorption, thereby inducing HO [39] .
Substance P SP is a neuropeptide widely distributed in the nervous system [85] , expressed by subsets of neurons in the central and peripheral nervous systems and also by nonneuronal cells including macrophages and T lymphocytes, cells involved at the earliest stages of preosseous fracture repair [23,86e88] . When TBI occurs, the level of SP in the blood rises with the permeability of the bloodebrain barrier increasing abnormally, thereby intensifying the inflammatory response. Inflammation is a predisposing factor of HO. In addition to immune modulation, SP stimulates the migration, proliferation, and mineralisation of mesenchymal stem cells, a cell type that is involved in HO formation, and promotes osteogenesis at the later stage of the differentiation and maturation of bone progenitor cells [41, 42] . Moreover, the SP receptor, NK1r, was demonstrated on chondrocytes, osteocytes, osteoblasts, osteoclasts and mast cells [89e91]. Kan et al. [24] have found that SP expression was upregulated in early preosseous sporadic HO and fibrodysplasia ossificans progressive (FOP) lesions and blocking SP secretion or function in the animal models prevented HO. They also tested SP expression in samples of heterotopic bone from patients with TBI and found SP upregulated in early lesions in acquired HO [24] .
Leptin
Recent studies have found that levels of leptin in serum and cerebrospinal fluid (CSF) are significantly increased after TBI [92, 93] . Wang et al. [43] considered 64 male rats as experimental subjects to measure the serum levels of leptin in the sole brain injury group, sole fracture group, and fracture combined with TBI group and to elucidate its role in bone formation. Results showed that the serum levels of leptin were significantly higher in the fracture combined with TBI group than in the other groups in the first 4 and 8 weeks after surgery. The amount of callus also increased. Consistently, studies that looked at the impact of TBI on fracture healing in ob/ob mice found that leptin-deficient mice had significantly decreased fracture healing compared to wild-type mice, and application of local leptin can reverse the delay in healing efficiently [92, 94] . The signalling or long form of the leptin receptor has been found to be present in osteoblasts, chondrocytes and mesenchymal stem cells indicating that leptin may be of importance for skeletal bone growth and development [95e97]. Leptin acting on the hypothalamus can activate the sympathetic nerves and increase the b2 adrenergic receptor on the surface of osteoblasts, resulting in the inhibition of ossification [98] . When leptin acts peripherally, it not only promotes the mineralisation of bone and proliferation of osteoblasts but also inhibits the apoptosis of osteoblasts [99] . In normal circumstances, the two effects stay in a balanced state. However, direct and secondary brain damage could cause damage or dysfunction to the hypothalamus. This condition weakens the effect of ossification inhibition that is induced by leptin acting on the hypothalamus, thereby accelerating bone healing, increasing callus formation, and promoting HO [43] .
Melatonin
In vertebrates, the roles of melatonin are numerous, and the biologic regulation of bone physiology is one of it [100, 101] . Melatonin can regulate calcium balance and bone metabolism, promote the proliferation and differentiation of osteoblast, suppress receptor activator for nuclear factor-k B ligand (RANKL)-mediated osteoclast formation and stimulate the mineralisation of matrices [44, 102, 103] . In addition, melatonin is abundant in bone marrow, where precursors of bone cells are located, indicating that melatonin may act as an autacoid in bone cells [101] . Furthermore, melatonin may also impair osteoclast activity and bone resorption through its free radical scavenger and antioxidant properties [101] . When traumatic subarachnoid haemorrhage occurs due to brain damage, melatonin significantly increases in the CSF [104] . Considering the important role of melatonin in bone regulation, the increased content of melatonin caused by brain injury may also be an inducement for the fast healing of fractures and occurrence of HO in patients with bone fractures and S-TBI.
Interacting factors promoting bone formation
The cytokines, neuropeptides and hormones mentioned above not only promote bone formation on their own but also through a variety of interactions. For instance, TGF-b can enhance the osteogenic effect of BMP, promote the transcription and expression of thrombin receptor PAR-1 and enhance the promoting effects of thrombin on the proliferation of osteoblast-like cells [63] . BMP can increase the levels of platelet derived growth factor (PDGF), insulinlike growth factor-1 (IGF-1), and VEGF [34] . In addition, the combination of VEGF and BMP4 can recruit mesenchymal stem cells to enhance cell survival and to induce cartilage formation in the early stages of endochondral bone formation [54] . The abnormal elevation of BMP can also induce the production of brown fats, and the heat production of brown fats can further stimulate sensory neurons to release SP and CGRP [58, 59] . Thrombin significantly upregulates the levels of VEGF and its receptors in osteoblasts [105] . These factors promote the expression of each other, resulting in cascade effects and jointly promoting bone growth, repair and formation.
Effect of TBI on bloodebrain barrier permeability
The bloodebrain barrier is a complex system consisting of brain microvascular endothelial cells, astrocyte cells, pericytes, perivascular macrophages and basement membrane. Patients with TBI often have damage and dysfunction of the bloodebrain barrier [106] . The function of the bloodebrain barrier significantly changes when TBI occurs. Then, the permeability of the bloodebrain barrier increases. The osteogenic macromolecules within the central nervous system are released from the damaged brain tissue and act on the fracture through systemic circulation [30, 45] . The release of these factors causes further damage on the brain tissue and shows a close link to the incidence of HO.
Effect of coma and mechanical ventilation on HO
Patients with TBI more often go through a long-term coma and sustained mechanical ventilation compared with nonbrain damaged patients. Kampen et al. [107] found that TBI patients who suffered from HO usually have a more prolonged duration of coma and mechanical ventilation compared with those without HO. Although the exact link between these two factors and HO is not yet clear, prolonged mechanical ventilation might change the electrolyte and acidebase balance in the body, thereby increasing fluid pH, promoting calcium deposition and accelerating fracture healing and callus formation [46] . The occurrence of HO may also be due to the inadequate supply of local blood and oxygen that result from prolonged coma and immobilisation, which provide a good environment for HO.
Effect of inflammation on HO
Inflammation is an important factor causing HO. Certain inflammatory factors may promote bone formation while causing inflammation. For example, IL-6 can promote the differentiation of mesenchymal stem cells into bone cells, reduce the apoptosis of osteoblasts and promote angiogenesis during the repair and renewal of bones [108] . Furthermore, the activation of the immune system provides a good foundation for the occurrence of HO [83] . Brain injury is often associated with the activation of a number of immunological pathways. This phenomenon affects local and systemic immunisation and triggers the release of various inflammatory cytokines into the serum and CSF [47, 48] . Multiple inflammatory cytokines, such as increased levels of C-reactive protein, IL-6 and tumor necrosis factor-ɑ (TNF-ɑ), exist in the body of patients with TBI. As mentioned above, S-TBI can increase the levels of SP and CGRP, which recruit mast cells, thereby creating an inflammatory microenvironment that promotes HO [58] .
Conclusion
Many clinical and experimental studies have indicated that the mechanism of bone repair, growth and formation in patients who suffered from bone fracture and S-TBI is the result of the combined effects of multiple factors. First, bone fracture triggers the release of various cytokines that promote bone formation. Brain injury stimulates the body to release various cytokines when bone fractures are accompanied by S-TBI, generating an osteogenic effect. In addition, damage of the bloodebrain barrier triggers the release of several osteogenic factors into the blood. Then, these factors act on the fracture sites locally through fluid circulation, promoting healing and increasing the risk of HO simultaneously. Second, the enhanced inflammatory response caused by S-TBI creates a good environment for the occurrence of HO, and the upregulation of some inflammatory factors in the body fluids accelerates bone formation. Moreover, patients who suffered from TBI are usually in a coma and need mechanical ventilation. These factors promote the incidence of HO. Overall, a close link exists between S-TBI and HO, and TBI influences many aspects of HO. Fig. 4 summarises the association between S-TBI and HO. Figure 4 Brain injury stimulates the body to release various cytokines when bone fractures are accompanied by S-TBI, generating an osteogenic effect. In addition, damage of the bloodebrain barrier triggers the release of several osteogenic factors into the blood. Then, these factors act on the fracture sites locally through fluid circulation, promoting healing and increasing the risk of HO simultaneously. Second, the enhanced inflammatory response caused by S-TBI and bone fracture creates a good environment for the occurrence of HO, and the upregulation of some inflammatory factors in the body fluids accelerates bone formation. Moreover, patients who suffered from S-TBI are usually in a coma and need mechanical ventilation. Prolonged mechanical ventilation might change the electrolyte and acidebase balance in the body, thereby increasing fluid pH and promoting calcium deposition, and prolonged coma might result in inadequate supply of local blood and oxygen, which provide a good environment for HO. HO Zheterotopic ossification; TBI Z traumatic brain injury; S-TBI Z severe traumatic brain injury.
